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Some of the important results from the COSY- Jiilich spin programme are summarised. These 
include the measurement of the deuteron beam momentum through the excitation of a depolarising 
resonance, which allowed the mass of the ?7-meson to be determined to high precision. The charge 
exchange of polarised deuterons on hydrogen gave rise to a detailed study of the spin dependence of 
large angle neutron-proton elastic scattering amplitudes. The measurements of the cross section and 
analysing powers for pion production in both pp and pn collisions at 353 MeV could be described 
very successfully in terms of a partial wave decomposition. 



I. INTRODUCTION 

It was once claimed that in strong interaction physics 
"Spin is an inessential complication" jlj . This rather neg- 
ative attitude ignores certain practical applications and 
surely dismisses the beauty inherent in many phenom- 
ena involving particle polarisation. Recognising this, a 
programme was outlined several years ago to exploit the 
possibilities of carrying out experiments with polarised 
beams and targets at ANKE This facility is based 
around a magnetic spectrometer sited at an internal tar- 
get station of the COoler SYnchrotron and storage ring 
COSY of the Forschungszentrum Jiilich. The basic fea- 
tures of the complex were described in Ref. [3| and we 
shall here concentrate on a few of the fruits of the spin 
programme. 

COSY can accelerate and store polarised protons and 
vector and tensor polarised deuterons up to momenta of 
3.7 CeV/c. In addition to unpolarised hydrogen and deu- 
terium cluster-jet targets, ANKE is also equipped with 
polarised H and D gas target cells so that spin correla- 
tions can be studied as well as beam and target analysing 
powers. 

In the following three sections we first show how, in 
experiments with polarised deuteron beams at a storage 
ring, the beam momentum can be determined very pre- 
cisely through the study of artificially induced depolaris- 
ing resonances. This led to a determination of the mass 
of the T] meson that is as precise as any other in the liter- 
ature. The nucleon-nucleon programme has two distinct 
elements, the most developed being the charge exchange 
of tensor polarised deuterons, which gives immediate ac- 
cess to the tensor amplitudes in large angle neutron- 
proton scattering. However, in addition, measurements 
are made in proton-proton elastic scattering with po- 
larised beam and target in angular regions where little 
reliable data exist. Finally, a variety of spin-dependent 
data on pion production in nucleon-nucleon collisions 
near threshold have been taken and analysed. These per- 
mitted a full partial-wave analysis to be carried out in the 
domain where two protons emerge almost bound. 



II. BEAM MOMENTUM DETERMINATION 
AND THE MASS OF THE -q MESON 

A big challenge that one often faces in a precision ex- 
periment at a storage ring is the determination of the 
beam momentum with sufficient accuracy. Although the 
revolution frequency /o can be measured with a relative 
precision of around 10^^, there are much greater uncer- 
tainties in the exact orbit of the particles in the ring. 
A way of overcoming this problem was proposed many 
years ago Q and has since been implemented at several 
electron colliders. Spin is here very much the essential 
element. 

The spin of a polarised beam particle in a storage ring 
precesses around the normal to the plane of the machine. 
A horizontal rf field from a solenoid can induce depolaris- 
ing resonances such that the beam depolarises when the 
frequency of the externally applied field coincides with 
that of the spin precession in the ring. The depolar- 
ising resonance frequency fr depends upon the revolu- 
tion frequency of the machine and the kinematical factor 
7 — E/mc^, where E and m are, respectively, the par- 
ticle total energy and mass of the particle. For a planar 
accelerator where there are no horizontal fields, 



/r//o = fc + 7G, 



(1) 



where G is the particle's gyromagnetic anomaly and k is 
an integer. The combination of the measurements of the 
revolution and depolarising frequencies allows the evalu- 
ation of 7 and hence the beam momentum p. 

The depolarising resonance technique was applied for 
the first time at COSY with a vector polarised deuteron 
beam of momenta around 3.1 GeV/c p]. The deuterons 
were accelerated with a r/ cavity and, once the required 
momentum was reached, a barrier bucket cavity was used 
to compensate for the energy losses incurred through the 
beam-target interactions. The depolarising solenoid had 
an integrated maximum longitudinal rf magnetic field of 
/ i?rms dt — 0.67 Tmm at a rf voltage of 5.7 kV rms. 
The value of fc = 1 in Eq. ([T]) corresponds to frequencies 
that were in the middle of the solenoid range of 0.5- 
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1.5 MHz. 

A vector polarised beam leads to an asymmetry in the 
scattering from a carbon target, which could be measured 
with the EDDA detector f6| . Since only the frequency of 
the depolarising resonance needed to be determined, an 
absolute calibration of this device at different deuteron 
momenta was not required. Figure [T] displays an ex- 
ample of this relative polarisation as a function of the 
solenoid frequency for a fixed beam momentum. When 
the frequency of the solenoid coincides with the spin- 
precession frequency, the beam is maximally depolarised. 
The structures, especially the double peak in the centre, 
are caused by the interaction of the deuteron beam with 
the barrier bucket cavity. However, these did not affect 
the mean position, which could be fixed with a precision 
of w 10~^. The full width at half maximum, which was 
typically in the region of 80-100 Hz, is mainly a reflec- 
tion of the momentum spread within the beam. If this 
were the only significant effect, it would correspond to 

(<5p/p)rm. « 2 X 10-4. 
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FIG. 1: Spin-resonance measurements at a single beam mo- 
mentum (closed circles). The open symbols represent results 
obtained for an extended cycle time, where the perturbing 
solenoid was switched on after 178 s. 

The other frequency required in the evaluation of 
Eq. (HI), i.e., that of the circulation in COSY, was mea- 
sured by using the Schottky noise of the deuteron beam. 
The statistical distribution of the charged particles in the 
beam leads to random current fluctuations that induce a 
voltage signal at a beam pick-up in the ring. The Fourier 
transform of this voltage-to-time signal by a spectrum 
analyser delivers the frequency distribution around the 
harmonics of the revolution frequency of the beam. As 
mentioned in Sec. IIIIl this phenomenon is also used at 
COSY to measure the luminosity in an experiment j7|]. 
All the data acquired at a particular beam momentum 
are presented in Fig. (3] The small tail seen at low fre- 
quencies corresponds to beam particles that escaped the 
influence of the barrier bucket cavity but still circulated 
in COSY. The statistical uncertainty in the weighted 
arithmetic mean was in all cases below 0.2 Hz compared 
to the typical 1.4 MHz shown in the figure. This means 
that, under ideal conditions, the left hand side of Eq. ([1]) 



could be measured with a precision of better than 10 ^ . 
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FIG. 2: Mean Schottky power spectrum at one beam momen- 
tum. The statistical error bars lie within the data points. 

The great efforts expended in determining precisely 
the deuteron beam momentum were justified in order 
to measure the mass of the r] meson from the missing- 
mass peak in the dp — >■ '^HeX reaction Q. For this 
purpose the experiment was carried out at twelve closely 
spaced deuteron momenta a little above the rj threshold 
and two just below to provide the information required 
to subtract the multipion background. By exploiting its 
full geometric acceptance near threshold, it was possible 
to calibrate the ANKE spectrometer very precisely and 
thus determine the final '^He CM momentum pf for each 
of the twelve deuteron beam momenta and the results are 
shown in Fig. [S] Although the method depends primar- 
ily upon the determination of the kinematics rather than 
counting rates, its implementation is helped enormously 
by the fact that the cross section jumps to its plateau 
value already by the first point in Fig. |3] [9] . 

The long lever arm facilitates a robust extrapolation 
to the 77 threshold, where the deuteron momentum was 
found to be pd = 3141.686±0.021 MeV/c. There is a one- 
to-one relation between this and the mass of the meson, 
which is found to be 

= (547.873 ± 0.005stat ± 0.026syst) MeV/c^. 

It is in fact the determination of the threshold beam 
momentum that provides the largest contribution to the 
26 keV/c^ systematic uncertainty. The result is compat- 
ible with all the modern measurements reported by the 
Particle Data Group [l3| that studied the 7] decay and 
the error bars are as small as any of these. The result 
suggests that earlier missing-mass determinations, which 
differed by ^ 0.5 keV/c^, lacked the necessary precision. 



III. THE NUCLEON-NUCLEON PROGRAMME 

A good understanding of the nucleon-nucleon (NN) 
interaction still remains one of the principal goals of nu- 
clear and hadronic physics. Apart from their intrinsic 
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FIG. 3: Values of the final-state CM momentum p/ (black 
crosses) and its square (red stars) plotted against the deuteron 
laboratory momentum pd- The lower panel shows the devia- 
tions of the experimental data from the fitted curve in p/. 



importance for the study of nuclear forces, A^'A'' elastic 
scattering data are also necessary ingredients in the mod- 
eling of meson production and other nuclear reactions at 
intermediate energies. It therefore goes without saying 
that all facilities should try to fill in the remaining gaps 
in our knowledge in the area. 

The COSY-EDDA coUaboration ^ produced a wealth 
of data on proton-proton elastic scattering that com- 
pletely revolutionised the isospin 7=1 A'^A'^ phase-shift 
analysis up to about 2.1 GeV [ll|. However, for proton 
energies above about 1 GeV, very little is known about 
the pp elastic differential cross section or analysing power 
for centre-of-mass angles 10° < < 30°. The cross sec- 
tion data that do exist seem to fall systematically below 
the predictions of the SAID partial wave analysis [Tlj . 
In this angular range the fast proton emerging at small 
angles from a hydrogen target can be measured well in 
the ANKE magnetic spectrometer, whereas the slow re- 
coil proton emerging at large angles can be measured 
independently in one of the Silicon Tracking Telescopes. 
The luminosity that is so crucial for the determination of 
the absolute cross sections can be determined using the 
Schottky method Q that was mentioned in the previous 
section. Preliminary data are already available on the 
differential cross sections at eight energies and approval 
has been given to measure the proton analysing powers 
at the same energies. 

Much greater effort has been made in the study of 
the spin-dependent terms in large angle neutron-proton 
scattering. It was pointed out many years ago that the 
dp — {ppIsTt, charge exchange at small angles was very 
sensitive to the spin-spin terms in the np — > pn amplitude 
provided the excitation energy Epp in the final pp system 



was kept low [12|. Under such conditions the {pp}s is 
in a ^Sq state and the charge exchange necessarily in- 
volves a spin flip from the initial np spin-triplet of the 
deuteron. Furthermore, measurements of the deuteron 
tensor analysing powers A^x and Ayy allow one to distin- 
guish between the contributions from the three spin-spin 
np amplitudes. 
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FIG. 4: Cartesian deuteron analysing powers for the dp — > 
{pp^sTi reaction for Epp < 3 MeV at Td = 1.2, 1.6, and 
1.8 GeV The impulse approximation predictions T?] have 
been evaluated with the SAID amplitudes Jl] (solid curves) 
and also, at the highest energy, when the longitudinal spin- 
spin amplitude is scaled by a factor of 0.75. 

Measurements were carried out at Saclay [l^, [ll] but 
only in regions where the A'^A'^ amplitudes were rea- 
sonably well known. These have been extended in 
fine ste ps in momentum transfer q to higher energy at 
ANKE [H, A cut of Epp < 3 MeV was typically im- 
posed but any contamination from triplet P-waves was 
taken into account in the theoretical modelling p/7| . The 
ANKE analysing power results at 1.6, 1.8, and 2.27 GeV 
are compared in Fig. H] to these impulse approximation 
predictions using up-to-date np amplitudes [ll[ as input. 
The satisfactory agreement at the two lower energies, and 
also in the values of the differential cross sections, shows 
that the theoretical description is adequate here. 
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Above about 1 GeV neutron-proton data become 
rather sparse. It comes therefore as no surprise that, 
when the same approach is employed on the higher en- 
ergy data shown in Fig. 21 the current SAID amph- 
tudes [ll| give a poor overall description of the re- 
sults. However, if the longitudinal spin-spin amplitude 
is multiplied by a global factor of 0.75, the agreement 
is much more satisfactory. This is evidence that the 
charge exchange data can provide useful input to the NN 
database. 
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FIG. 5: Transverse spin correlation parameters in the dp— ^ 
{ppjsW reaction at (a) 1.2 and (b) 2.27 GeV compared to the 
predictions of an impulse approximation model (solid curves). 
Better agreement is found at the higher energy if the longitu- 
dinal input is scaled by a factor of 0.75 (dashed curves). 



Confirmation of these conclusions is to be found in the 
measurements of the deutcron-proton spin correlation pa- 
rameters measured with the polarised hydrogen gas cell. 
Results on this are shown in Fig. [5] In impulse approx- 
imation, these are sensitive to the interference between 
the longitudinal spin-spin amplitude and the two trans- 
verse ones. Whereas there is satisfactory agreement with 
the theoretical predictions at 1.2 GeV, the model is much 
more satisfactory at 2.27 GeV if the longitudinal input is 
scaled by a factor of 0.75. 

In addition to measuring the spin correlations with 
the polarised cell, data were also obtained on the pro- 
ton analysing power in the dp {pp}sn reaction and the 
results are shown in Fig. [B] The message here is very 
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FIG. 6: Proton analysing power in the dp {pp}sn reaction 
at 1.2 GeV (red squares) and 2.27 GeV (blue triangles) [31 
compared to impulse approximation predictions. Note that, 
with the current SAID input [iJl, the latter almost vanish at 
the higher energy. 



similar to that for the other observables. At 600 MeV 
per nucleon the SAID input reproduces the experimen- 
tal points very well but it seems that at 1135 MeV the 
SAID description of the spin-orbit amplitude has serious 
deficiencies. 
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FIG. 7: Tensor analysing powers for the dp — j- {pp}sX re- 
action at 2.27 GeV as a function of the transverse momen- 
tum transfer. The data are integrated over the mass range 
1.19 <Mx < 1.35 GeV/c^ [3. 

As well as studying the dp — > {pp^gX data to extract 
the neutron as a missing-mass peak, results were also 
obtained where mx > ttin + m^r. These events must 
be associated with pion production, especially through 
the A isobar. The first indications shown in Fig. [7] are 
that the Cartesian analysing powers are largely opposite 
in sign to those for dp {pp}sn [ill- These data will 
therefore yield information on the amplitude structure of 
the NN NA reaction. 
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IV. PION PRODUCTION IN 
NUCLEON-NUCLEON COLLISIONS 

One of the priorities at ANKE is to perform a com- 
plete set of measurements of NN — ^ {pp}s7r at low 
energy. Since, as in Sec. IIIIl the {pp}s proton-proton 
pair is overwhelmingly in the ^5*0 state, only the polar- 
isations of the initial nucleons have to be studied. As 
parts of this programme, the differential cross section 
and analysing power of the pp {pp}s reaction were 
measured at 353 MeV [l^ and the same observables 
measured in quasi-free 7r~ production on the deuteron, 
pd Psp{pp}s'n'~ [13, where Psp is a "spectator" proton. 
By making certain theoretical assumptions and retain- 
ing amplitudes up to pion d-waves, the combined data 
sets are sufhcient for a partial-wave decomposition. This 
is of particular interest for Chiral Perturbation Theory, 
where it is important to establish that the same short- 
ranged NN NNtt vertex that contributes to p-wave 
pion production is consistent with other intermediate en- 
ergy phenomena. 

For tt" production, both protons were measured in the 
ANKE Forward Detector. After selecting the ^5*0 final 
state, the kinematics of the pp — >■ {pp}sX process could 
be reconstructed on an event-by-event basis to obtain the 
7r° rate from the missing-mass Mx spectrum. By using 
a beam with a ±68% polarisation, the cross section and 
analysing power could be measured simultaneously and 
the results are shown in Figs. [8] and [9] 




coser 

FIG. 8: Differential cross section for the pp — > {pp}s Tv° re- 
action at 353 MeV. The ANKE measurements (solid black) 
circles are compared with the CELSIUS data (open red) cir- 
cles at 360 MeV l^ll. The curve is the partial wave fit 

The cross section data agree quite well over most of 
the angular range with those taken at CELSIUS [21] and 
the strong anisotropy is evidence for significant d-wave 
pion production. In the absence of pion d- (or higher) 
waves the analysing power would vanish and, as seen in 
Fig. ini this is far from being the case. 

In the pd — >■ p{pp}sTr~ experiment, three particles had 
to be detected in the final state to identify the reaction. 
In addition to the two protons in the ^Sq state, either 
the 7r~ or the third (slow) proton must be measured, the 
latter in one of the silicon tracking telescopes placed in 




150 180 
QT [deg] 



FIG. 9: (a) Product of the measured analysing power and 
differential cross section for the ■pp — ^ {pp}s tv^ reaction, (b) 
Measured values of Ay ; the overall systematic uncertainty is 
~ 5%. The curves are partial wave fits. 
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FIG. 10: Differential cross section for pn — >■ {pp}s tt" at T « 
353 MeV. ANKE data with statistical errors are shown by red 
circles; the systematic error is ~ 6%. The statistical errors of 
the TRIUMF data [l^l (green triangles) are smaller than the 
symbols and the normalisation uncertainty is 10%. The blue 
stars are arbitrarily scaled cross sections extracted from pion 
absorption data [2J]. The solid curve is a partial wave fit. 



the target chamber. Together the two detection modes 
led to a full angular coverage. In either case the slow 
proton was restricted kinematically to be a spectator so 
that the cross section and analysing power of the quasi- 
free pn {pp}s 7r~ reaction could be extracted in the 
353 ±20 MeV interval, the results being shown in Figs.fTUl 
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and[TTl 

The differential cross section agrees with the earUer 
TRIUMF measurement [l^, except for their two most 
forward points. The disagreement persists with the 
analysiiig power data measured in the forward hemi- 
sphere [23 shown in Fig. [TTJ On the other hand, the 
agreement with the shape of the cross section deduced 
from the 7r~'^He — )• pnn reaction [24] is even better. 
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FIG. 11: (a) Product of the measured analysing power and 
differential cross section for the pn — >■ {pp}s tt" reaction at 
353 MeV; the statistical error do not include the 11% sys- 
tematic uncertainty, (b) Values of Ay measured at ANKE 
(circles) and TRIUMF [23] (triangles). The solid curves are 
partial wave fits to the ANKE data. 

Even if one considers only s, p, and d-wave pion pro- 
duction, the cross section and analysing power data are 
insufficient to perform a full amplitude analysis without 
further assumptions. These were to neglect the coupling 
between the initial ^-Pj and waves and to use the Wat- 
son theorem to determine the phases of the production 
amplitudes from these and also the ^Pq wave. There are 
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V. THE FUTURE 
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